炭素酸化物の転換に関するナノ触媒の研究 by 李 航傑
 
 
 
Studies on Nano Catalysts for Conversion 
of Carbon Oxides 
 
炭素酸化物の転換に関するナノ触媒の研究 
 
 
 
Li Hangjie 
李 航傑 
 
 
 
Supervisor: Prof. Noritatsu Tsubaki 
 
 
 
Tsubaki Laboratory 
Graduate School of Science and Engineering for Education 
University of Toyama 
 
Preface 
i 
 
Preface 
With the high-speed development of economy and society since the beginning of 
the industrial revolution, fossil fuel has been excessively consumed, which is gradually 
leading to serious environmental issues like global warming. The utilization of 
recyclable feedstock such as CO2 for making value-added products, rather than treating 
as a waste product from the combustion of fossil fuels, CO2 can be converting into 
highly value-added products such as light olefins and syngas. For synthesizing light 
olefins from CO2, it can be realized two primarily catalytic approaches: CO2-Fischer-
Tropsch-olefins (CO2-FTO) and CO2-methanol-olefins (CO2-MTO) synthesis. 
However, hydrocarbons derived from FTS reaction always follow Anderson-Schulz-
Flory (ASF) distribution, suggesting a wide distribution of hydrocarbons with different 
chain lengths, thereby leading to low selectivity for light olefins. As an alternative, 
direct hydrogenation CO2 over a single catalyst is suitable to selectively synthesize light 
olefins by coupling two sequential reactions over a hybrid catalyst. Typically, the two-
step process comprises methanol synthesis step followed by methanol dehydration to 
hydrocarbons step. Moreover, via dry reforming of CH4 and CO2, CO2 can be 
transformed into syngas, which is an essential platform to convert the lower carbon 
resource into highvalue-added products, such as dimethyl ether (DME), liquified 
petrolum gas (LPG), gasoline and aromatics. Therefore, producing of high value-added 
chemicals and fuels from syngas has been intensively explored owing to its academic 
and industrial value.  
As we all known, catalyst design is a vital factor in promoting the catalytic 
performance of catalysis reaction. Moreover, catalyst with unique structure exhibit 
unexpected performance in catalysis application. As typical representatives, nano-sized 
catalysts have attracted wide attention due to their enhanced mass transfer efficiency 
and specific selectivity to target products. Herein, in this thesis, we mainly concentrate 
on the design and application of high-performance catalysts with special structure for 
conversion of carbon oxide into highly value-added chemicals: (1) hybrid catalyst 
comprising of In2O3/ZrO2 metallic oxide and zeolite SAPO34 for directly converting 
Preface 
ii 
 
CO2 into light olefins (Chapter 1); (2) optimized Ni/SiO2 supported catalyst for dry 
reforming of CH4 and CO2 into syngas (Chapter 2); (3) bifunctional capsule catalyst of 
Al2O3@Cu for direct synthesis of dimethyl ether from syngas (Chapter 3). 
In chapter 1, hybrid catalyst composed of In2O3/ZrO2 metallic oxide and zeolite 
SAPO34 was developed and applied in direct CO2 conversion to light olefins reaction. 
This catalyst exhibits high light olefins selectivity of 77.59% via sub-steps tandem 
reactions, comprising of CO2 hydrogenation to methanol on the oxygen vacancies 
surface of In2O3/ZrO2 and the formed methanol simultaneously dehydrated to 
hydrocarbons passing through the SAPO34 zeolite channel. Moreover, by optimizing 
the reaction, the undesirable CO generated from the reversed water-gas shift reaction 
was efficiently suppressed, showing good potential leading to scale-up cause of the 
outstanding reaction performance and its friendly-environment properties. 
In chapter 2, a series of Ni/SiO2 catalysts was fabricated by wetness impregnation 
method and applied in dry reforming of methane and CO2 reaction (DRM). As previous 
report, the nickel particle size, distribution and interaction with support are crucial to 
the catalytic performance in DRM. In this work, Ni particle size was controlled with 
altering the pH of the Ni nitrate solution via the addition of HNO3 or NH4OH. The 
NH4OH promoted Ni/SiO2 catalyst presents high conversions of CH4 and CO2 and 
excellent stability in DRM reaction, due to metallic Ni particles in small size and 
stronger interaction with SiO2 support. The present study provides a simple but 
effective way to change the metal-support interaction and metal particle size. 
In chapter 3, a novel bifunctional capsule catalyst of Al2O3@10Cu was 
synthesized by a simple surface infiltration method and applied in direct conversion of 
syngas to dimethyl ether (DME). Different from the traditional capsule catalysts with 
the core for methanol synthesis and the shell for methanol dehydration, the 
Al2O3@10Cu employs an opposite strategy that using the shell for methanol synthesis 
while the core for methanol dehydration. The characterization results clearly 
demonstrate that the capsule Al2O3@10Cu possesses a more uniform Cu-Al2O3 shell 
structure and lower reduction temperature than other reference catalysts. Furthermore, 
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in the direct DME synthesis from syngas, the Al2O3@10Cu with the uniform shell 
exhibits much higher CO conversion and DME selectivity than the conventional 
powder-based Cu/Al2O3-P catalyst. The present work offers a new spatially confined 
model for the direct DME synthesis from syngas. 
Herein, three types of catalysts in nano size were successfully designed, 
synthesized and applied to transform the carbon oxide into high-value-added chemicals. 
The physical-chemical properties and catalytic performances of these efficient catalysts 
were also studied.
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Chapter 1 
Direct CO2 hydrogenation to light olefins by suppressing CO 
by-product formation 
 
We presented a successful hybrid catalyst comprising of In2O3/ZrO2 metal oxide 
and SAPO34 zeolite for one-pass selective converting CO2 into light olefins by 
suppressing CO by-product formation. 
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Abstract 
We evaluate the direct CO2 conversion to light olefins reaction via a hybrid catalyst 
of In2O3/ZrO2 metallic oxide and zeolite SAPO34 components. On this catalyst, it can 
realize producing high light olefins selectivity of 77.59% via a direct tandem catalysis 
process, that is, the formed methanol on the oxygen vacancies surface of In2O3/ZrO2 in 
the first step will continue passing through the SAPO34 zeolite channel, where it is 
changed into light olefins simultaneously. Even there are many studies focused on this 
tandem catalysis reaction via bi-functional catalyst in recent years, however, to reduce 
the poisonous byproduct CO is still in a big challenge. In this reaction, large amounts 
of poisonous CO will be easily formed from reverse water gas shift reaction. Therefore, 
in our research, by optimizing the reaction, the catalyst can suppress the undesirable 
CO formation obviously. It shows good potential leading to scale-up cause of the 
outstanding reaction performance and its friendly-environment properties. 
Keywords: CO2; hydrogenation; CO; hybrid catalyst; light olefins  
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1.1. Introduction 
Environment-friendly and commercial fuels including value-added products are 
explored by scientists since the climate change such as global warming; growing energy 
demand; depletion and unstable price of traditional fossil fuels [1-3]. CO2 as a typical 
greenhouse gas and cheaper carbon stock, has attracted much attention in recent years. 
In order to reduce CO2 emissions, technologies of CO2 capture and conversion are 
playing more important roles in the modern society [4-11]. Hence, the process of CO2 
conversion to value-added products has been considered as a possible remedy to meet 
the requirements [12-17].  
CO2 hydrogenation to light olefins is one of promising routes in CO2 conversion. 
So far, the major route studied on conversion of CO2 to light olefins is so-called Fischer-
Tropsch to olefins synthesis (FTTO). However, by FTTO route, the low selectivity of 
light olefins production is limited by the Anderson-Schulz-Flory (ASF) distribution, 
which is a critical defect to the further industrial application [18,19]. Therefore, recently, 
many studies are focused on developing CO2/H2-methanol-light olefins process with 
methanol as intermediate. In the indirect light olefins synthesis, methanol is firstly 
synthesized from CO2 and H2 using mainly metal catalysts such as Cu based catalyst at 
the first stage [20-24]. The methanol is then dehydrated and hydrogenated to light 
olefins at the second stage over SAPO34 zeolite catalyst [25-30].  
In the previous research, suitable hybrid catalyst or capsule catalyst can accomplish 
the tandem reaction by synergistic effect [31-36]. However, the major problem for 
direct light olefins synthesis in one reactor via this route is the gap of best reaction 
temperature between the two reactions. Another issue needing to be solved is that Cu 
based methanol synthesis catalysts easily further converting formed light olefins to 
paraffins. Methanol starts dehydration to light olefins above 300 oC over SAPO34 
zeolite, but methanol is synthesized at about 250 oC over typical Cu based catalysts [37]. 
Currently, in the relevant reported works, several types of bi-functional catalyst are 
designed for this tandem catalysis reaction, however, the undesirable CO selectivity is 
Chapter 1 
4 
 
very high due to the violent reverse water gas shift reaction [38-42]. So how to suppress 
CO by-product formation is necessary to be solved. 
 
1.2. Experimental 
1.2.1. Catalyst preparation  
We used Cu(NO3)2·3H2O solution to impregnate Al2O3 (ALO-6, size of 0.85-1.70 
mm) for 30 min. The Cu based catalyst was first dried at 120 °C for 12 h, followed by 
calcination in air at 400 °C for 3 h. The obtained catalyst, denoted as Cu-Al2O3 (the 
catalyst containing 10 wt% amount of Cu).  
TiO2 was used as a support to be loaded with Cu(NO3)2·3H2O and Ce(NO3)3·6H2O 
mixture solution by the above-mentioned method, denoted as Cu-Ce-TiO2 (the catalyst 
containing  Cu of 10 wt%, Ce of 10 wt%).  
The Q10 SiO2 (Fuji Silysia Co. Ltd., Japan; size of 0.85-1.70 mm) was used as a 
support to be loaded with Ni(NO3)2·6H2O and Ga(NO3)3·8H2O mixture solution by the 
same method, denoted as Ni-Ga-SiO2 (catalyst containing 5 wt% Ni, 5 wt% Ga).  
We synthesized Zn-Cr catalyst (Zn: Cr= 3:1) by co-precipitation method. Briefly, 
Zn(NO3)2·6H2O, Cr(NO3)3·9H2O were dissolved in distilled water and (NH4)2CO3 
aqueous solution was used as the precipitant. Precipitation was allowed at 70 °C, 
followed by aging for 3 h at the same temperature. After filtering and washing by 
distilled water, the resulting product was dried overnight at 110 °C and then calcined at 
500 °C for 1 h, denoted as Zn-Cr.  
In2O3/ZrO2 catalyst was prepared by adding a solution of In(NO3)3·xH2O in a 
mixture of ethanol and deionized water dropwise directly to the ZrO2. The impregnated 
extrudates were dried and calcined for the In2O3 catalyst，denoted as In2O3/ZrO2.  
SAPO-34 was synthesized using a hydrothermal method. Silica sol (30%), 
aluminum isopropoxide, phosphoric acid (85%), and distilled water were mixed and 
stirred at room temperature. 1,2-diaminoethane (DEA) was added 1 h later and the 
resulting mixture was stirred until being homogeneous. The gel was heated and 
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crystallized at 200 °C for 24 h. The typical molar composition of the gel was 2.0DEA: 
0.6SiO2: 1.0Al2O3: 0.8P2O5: 50H2O. After crystallization, the as-synthesized sample 
was obtained after centrifugal separation, washing and drying in air at 120 °C. At last 
the sample was calcined at 550 °C for 5 h, denoted as SAPO.  
The hybrid catalysts were prepared by physical mixing of SAPO34 zeolite and 
different metal catalysts as a weight ratio of 1:1, respectively. 
 
1.2.2. Catalyst evaluation  
The catalyst evaluation experiments were carried out in a fixed-bed tubular reactor 
packed with 0.5 g catalyst (hybrid catalyst was a mixture of 0.25 g metallic catalyst and 
0.25 g SAPO34 zeolite). The flow rate of feed gas was controlled by a mass flow 
controller. Prior to reaction, the In2O3/ZrO2&SAPO hybrid catalyst and In2O3/ZrO2 
metallic catalyst were activated in H2 at 300
 °C for 10 h. Other catalysts were subject 
to in situ reduction in H2 for 10 h at 400 °C prior to reaction. After the pretreatment 
process, pristine gas was introduced into the reactor for reaction. The reaction 
conditions were as follows: reaction time=4 h, reaction pressure of 2.0 or 5.0 MPa, 
space velocity from 2160 to 28080 mL/(g·h) and reaction temperature from 300 to 
400 °C. The typical composition of pristine gas was H2 70.25%, CO2 26.50%, Ar 3.25% 
or H2 67.50%, CO2 23.90%, CO 5.42%, Ar 3.18%. The pristine gas and exit gas were 
analyzed by a gas chromatograph equipped with a column of carbon sieves and a 
thermal conductivity detector (TCD) for the contents of CH4, CO and CO2. Methanol, 
DME and hydrocarbons up to C6 were analyzed by a gas chromatograph equipped with 
a flame ionization detector (FID). CH4 was taken as a reference bridge between FID 
and TCD. CO2 conversion was calculated on a carbon atom basis, i.e.  
(1) CCO2= (XCO2, in - XCO2, out)/ XCO2, in ×100% 
      CCO2- Conversion of CO2, %; 
      XCO2, in- Mole fraction of CO2 at the inlet; 
      XCO2, out- Mole fraction of CO2 at the outlet; 
(2) SelCO= XCO,in -XCO,out/ (XCO2, in - XCO2, out) ×100% 
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 SelCO - Selectivity of CO, %; 
      XCO, in- Mole fraction of CO at the inlet; 
 XCO, out- Mole fraction of CO at the outlet; 
 (3) Seli= 
∑ ,,
,,
i
misi
misi
fR
fR  
Seli- Selectivity of hydrocarbon, MeOH and DME, %; 
Ri,s- Area ratio of hydrocarbon, MeOH and DME, MeOH and DME in 
chromatogram; 
fi, m- Calibration factor of each product. 
 
1.2.3. Catalyst characterization.  
The crystalline structure of the sample was measured by X-ray diffraction (XRD) 
with a Rigaku RINT 2400 diffractometer employing Cu Kα radiation. All samples were 
scanned at 40 kV and 40 mA in the range of 5-80°.  
The acidity of catalysts was studied by the temperature programmed desorption 
(TPD) with BELCAT-B-TT (BEL.JAPAN INC.) using NH3. TPD of NH3 was carried 
out between 50 and 800 °C under a helium flow (30 mL/min) with a heating rate of 
10 °C/min. Before the test, the samples were pretreated under helium atmosphere at 
500 oC for 1 h, then, cooled to 50 °C, and exposed to pure NH3 (30 mL/min) for 0.5 h.  
After coating a platinum layer on their surface (JEOL, JFC-1600), the morphology 
information of catalysts was collected by Scanning Electron Microscope (SEM, JEOL 
JSM-6360 LV) with the energy-diffusive X-Ray spectroscopy (EDS, JEOL JED-6300).  
H2 temperature programmed reduction (H2-TPR) profiles were recorded in a fixed-
bed reactor system equipped with a thermal conductivity detector (TCD). The catalyst 
(100 mg) was pretreated at 400 oC under Ar flow (40 mL/min) and then cooled down 
to 50 °C under Ar flow. Then H2-N2 (10:90) was introduced into the analysis system. 
H2-TPR profiles were recorded at a temperature rising rate of 5
 °C/min from 50 °C to 
600 °C.  
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High-resolution transmission electron microscope (HRTEM) and regular 
transmission electron microscope (TEM) were operated on a JEM-2100F (JEOL) at an 
acceleration voltage of 200 kV.  
X-ray photoelectron spectroscopy (XPS) measurements were implemented on a 
Quantum 2000 Scanning ESCA Microprobe instrument with Al Kα radiation (15 kV, 
25 W, hv= 1486.6 eV) under ultrahigh vacuum (10-7 Pa), calibrated internally by the 
carbon deposit C(1s) (Eb = 284.6 eV).  
CO2 temperature-programmed desorption (CO2-TPD) experiments were 
performed in a similar manner as NH3-TPD. The TPD of CO2 was carried out between 
50 and 800 °C under a helium flow (30 mL/min) with a heating rate of 10 °C/min. 
Before the test, the samples were pretreated under helium atmosphere at 500 oC for 1 
h, then, cooled to 100 °C, and exposed to pure CO2 (30 mL/min) for 0.5 h.  
H2 temperature-programmed desorption (H2-TPD) experiments were performed in 
a similar manner as NH3-TPD and CO2-TPD. The TPD of H2 was carried out between 
50 and 800 °C under a helium flow (30 mL/min) with a heating rate of 10 °C/min. 
Before the test, the samples were pretreated under helium atmosphere at 500 oC for 1 
h, then, cooled to 100 °C, and exposed to pure H2 (30 mL/min) for 0.5 h.  
The in situ FT-IR spectra were recorded with a Bruker Tensor 27 with a MCT 
detector in the 4000-800 cm-1 range, with a resolution of 4 cm-1 and 64 acquisition scans. 
The catalysts were activated in H2 for 1 h. Then after Ar purging, the pristine gas (CO2 
and H2) was introduced into the cell for simulating the reaction from 300 to 400 
oC. 
 
1.3. Results and discussion 
1.3.1. Methanol catalysts test 
Concerning CO2 hydrogenation under high temperature over several typical 
methanol synthesis catalysts, as given in Figure 1.1 and Table 1.1, plenty of CO and 
CH4 are produced over Zn-Cr or Cu based catalysts. But In2O3/ZrO2 catalyst realizes 
good performance to limit CO formation with high CO2 conversion of 34.45% at the 
same time. 
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Figure 1.1. CO2 conversion to MeOH over various catalysts. (5.0 MPa; 400 oC; 2160 mL/(h·g)) 
 
Table 1.1. CO2 conversion to MeOH over various metal catalysts. a  
Catalyst 
CO2 Conv. 
(%) 
CO Sel. 
(%) 
Products distribution (%) 
MeOH+DME CH4 P2-4 O2-4= C5+ 
Cu/Al2O3 22.78 90.68 19.72 65.64 14.54 0 0 
Cu-Ce/TiO2 23.83 94.46 21.46 57.44 19.69 0 0 
Zn-Cr 24.17 74.70 9.06 69.80 18.45 1.24 1.24 
In2O3/ZrO2 34.45 61.86 30.97 59.93 2.62 6.48 6.48 
a: Reaction condition: The typical composition of pristine gas was H2 70.25%, CO2 26.50%, 
Ar 3.25%; 5.0 MPa; 400 oC; 2160 mL/(h·g); 0.5 g catalyst. 
 
The NH3-TPD result (Figure 1.2) reveals that the In2O3/ZrO2 catalyst can supply 
very few weak acidity, and the appropriate acidity can restrict the over hydrogenation 
of CO2 to paraffins, which is in favour of the process of light olefins synthesis. The H2-
TPD and CO2-TPD characterizations (Figure 1.3 and Figure 1.4) demonstrate that In 
species can effectively promote the adsorption of CO2 and H2 on the In2O3/ZrO2 catalyst, 
which enhances the catalytic activity in the reaction of CO2 hydrogenation into 
methanol. Herein, we present a hybrid catalyst In2O3/ZrO2&SAPO with In2O3/ZrO2 and 
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SAPO34 components, which can connect two consecutive processes into direct 
synthesis specifically (Scheme 1.1).  
 
 
Figure 1.2. NH3-TPD of In2O3/ZrO2 metallic oxide catalyst and SAPO34 zeolite. 
 
 
Figure 1.3. H2-TPD profiles of In2O3/ZrO2 catalyst and ZrO2 support. 
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Figure 1.4. CO2-TPD profiles of In2O3/ZrO2 catalyst and ZrO2 support.  
 
  
Scheme 1.1. The reaction mechanism of the direct synthesis of light olefins from CO2 over the 
hybrid catalyst In2O3/ZrO2&SAPO. 
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1.3.2. Hybrid catalysts test  
Five types of different hybrid catalysts are tested in CO2 hydrogenation reaction, 
and the results are shown in Figure 1.5 and Table 1.2. Among all catalysts, the 
In2O3/ZrO2&SAPO hybrid catalyst exhibits outstanding light olefins selectivity and 
CO2 conversion, furthermore, CH4 selectivity can be controlled within 5%. In the 
reaction process, CO2 with H2 is first converted to methanol over the In2O3/ZrO2 
catalyst, and then the formed methanol is converted to light olefins on SAPO34 zeolite, 
which is much different from FTTO route. Since the weaker hydrogenation ability of 
In2O3/ZrO2 catalyst, the generated light olefins are difficult to be further hydrogenated 
to the related paraffins, therefore leading to higher light olefins selectivity than that of 
other mixture catalysts.  
 
Figure 1.5. CO2 conversion to light olefins over various hybrid catalysts. (2.0 MPa; 400 oC; 
2160 mL/(h·g)). 
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Table 1.2. CO2 conversion to light olefins over various hybrid catalysts. a 
Catalyst 
CO2 Conv. 
(%) 
CO Sel. 
(%) 
Products distribution (%) 
MeOH+DME CH4 P2-4 O2-4= C5+ 
Cu/Al2O3&SAPO 18.28 52.17 26.69 15.85 55.7 0 1.76 
Cu-Ce/TiO2&SAPO 32.90 78.76 2.07 14.28 82.4 0 1.25 
Ni-Ga/SiO2&SAPO 63.57 0.23 0.25 97.99 1.75 0 0.01 
Zn-Cr&SAPO 28.25 78.22 0.02 15.10 70.79 11.33 2.76 
In2O3/ZrO2&SAPO 36.15 86.46 0.33 4.59 45.83 43.04 6.21 
a: Reaction condition: The typical composition of pristine gas was H2 70.25%, CO2 26.50%, 
Ar 3.25%; 2.0 MPa; 400 oC; 2160 mL/(h·g); the weight ratio of each metallic catalyst and 
SAPO34 was 1:1; 0.5 g catalyst. 
 
To confirm the reaction route of CO2 via methanol to light olefins, 
In2O3/ZrO2&SAPO as hybrid catalyst is analyzed by in situ FT-IR, via simulating CO2 
hydrogenation atmosphere, as shown in Figure 1.6. In contrast to single In2O3/ZrO2 
catalyst, we can find that C-C double bond and C-H bond of light olefins existing over 
the In2O3/ZrO2&SAPO hybrid catalyst clearly, indicating that In2O3/ZrO2&SAPO 
hybrid catalyst is indeed available for light olefins synthesis from CO2 hydrogenation 
by this way [43].  
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Figure 1.6. In situ FT-IR spectra of the pure In2O3/ZrO2 and In2O3/ZrO2&SAPO hybrid catalyst. 
 
1.3.3. Reaction conditions test 
More studies are also performed to realize the influence factors for light olefins 
synthesis on In2O3/ZrO2&SAPO hybrid catalyst by changing reaction conditions 
(temperature of 300-400 oC, pressure of 2.0-5.0 MPa, space velocity of 2160-28080 
mL/(h·g)). Light olefins selectivity (Table 1.3) can reach beyond 75% under the tested 
temperature of 400 oC, pressure of 2.0 MPa and space velocity of 12960 mL/(h·g). Even 
though 400 oC is the best reaction temperature for SAPO34 zeolite responsible for 
methanol dehydration to light olefins, a large amount of undesirable CO (about 80% 
selectivity in all products) is produced via the reverse water gas shift reaction. Hence, 
we change reaction temperature to 300 oC with space velocity of 2160 mL/(h·g), and 
the CO selectivity sharply decreases to 13.31% with CO2 conversion of 10.19%. As the 
space velocity being increased to 6480 mL/(h·g), CO formation can be further limited 
below 5% with light olefins selectivity higher than 60%. Corresponding to above 
reaction performance findings, the FT-IR result (Figure 1.7) displays that the 
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undesirable reverse water gas shift reaction is restrained by temperature decreasing. 
Especially, no CO is detected over In2O3/ZrO2&SAPO hybrid catalyst under 300 
oC in 
the DRIFT spectra, which is a new significance finding. 
 
Table 1.3. CO2 conversion to light olefins over In2O3/ZrO2&SAPO hybrid catalyst under 
different reaction conditions. a 
T 
(oC) 
SV 
(mL/(g·h)) 
P 
(MPa) 
CO2 
Conv. 
(%) 
CO 
Sel. 
(%) 
Products distribution (%) 
MeOH+DME CH4 P2-4 O2-4= C5+ 
400 2160 2.0 36.15 86.46 0.33 4.59 45.83 43.04 6.21 
400 6480 2.0 17.51 85.30 0.54 2.95 26.01 66.18 4.32 
400 12960 2.0 10.09 78.65 1.05 2.38 18.78 75.21 2.58 
350 6480 2.0 5.03 65.29 1.41 2.60 27.71 64.43 3.85 
350 12960 2.0 0.55 59.11 10.28 2.56 19.62 63.28 4.26 
300 2160 2.0 10.19 13.31 3.52 5.80 26.7 58.43 5.55 
300 6480 2.0 4.71 3.42 8.49 5.48 21.24 61.50 3.29 
300 10800 2.0 1.01 0 42.10 4.81 11.8 41.29 0 
300 16200 2.0 0.63 0 44.34 4.45 11.02 40.19 0 
400 6480 5.0 19.23 81.25 0.35 4.27 46.64 41.95 6.79 
400 12960 5.0 13.02 80.77 0.96 2.88 28.17 64.18 3.81 
400 21600 5.0 7.90 80.44 2.78 2.85 22.98 67.95 3.44 
400 28080 5.0 5.78 77.70 4.24 2.84 20.76 68.88 6.21 
a Reaction condition: The typical composition of pristine gas was H2 70.25%, CO2 26.50%, Ar 
3.25%; the weight ratio of In2O3/ZrO2 catalyst and SAPO34 was 1:1; 0.5 g catalyst. 
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Figure 1.7. DRIFTS spectra of the In2O3/ZrO2&SAPO hybrid catalyst over varied temperature.  
 
1.3.4. The effect of CO in feed gas 
Considering the recycle reaction in industrial, a small quantity of CO is introduced 
into pristine gas. As shown in Figure 1.8 and Table 1.4, CO selectivity decreases from 
86.46% to 49.98% with slightly enhanced CO2 conversion, and the light olefins 
selectivity increases from 42.48% to 71.80% at 400 oC over hybrid catalyst 
In2O3/ZrO2&SAPO. Under the lower temperature of 300 
oC, the variation tendency of 
catalytic performance is similar, at the same time CO selectivity is even depressed 
approximately to 2%, which means that total hydrocarbons selectivity is nearly 98%. 
These findings turn to prove that the added CO as a promoter enhance the CO2 
conversion and light olefins selectivity with effective inhibition of the further CO 
formation, because a small quantity of CO can generate the oxygen vacancy at the 
surface of methanol synthesis catalyst, to boost the catalytic reaction [44]. On the one 
hand, as a byproduct, adding CO will influence the chemical equilibrium of CO2 
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hydrogenation reaction moving toward a more favorable route, which inhibits the 
process of reverse water gas shift reaction (CO2 + H2 →H2O + CO). On the other hand, 
the excellent selectivity property of the In2O3/ZrO2&SAPO catalyst is attributed to 
strong adsorption of CO2 to defective In2O3 and ZrO2, which creates a large energy 
barrier that suppresses CO2 dissociation into CO. In2O3/ZrO2 is a good catalyst for CO2 
hydrogenation to methanol with limiting of reverse water gas shift reaction, and the 
oxygen vacancies of the catalyst play an important role in this catalysis reaction. The 
CO2 and H2 are more easily adsorbed on the surface oxygen vacancies of In2O3 to form 
CHO species at initial, then further converting to the methanol rather than CO, due to 
inhibiting the competing reaction process of reverse water gas shift reaction.  
 
Figure 1.8. CO2 conversion to light olefins from different pristine gas over In2O3/ZrO2&SAPO 
hybrid catalyst. (2.0 MPa; 2160 mL/(h·g)) 
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Table 1.4. CO2 conversion to light olefins over In2O3/ZrO2&SAPO hybrid catalyst from the 
pristine gas including CO under different reaction conditions. a 
T 
(oC) 
SV 
(mL/(h·g)) 
P 
(MPa) 
CO2 
Conv. 
(%) 
CO 
Sel. 
(%) 
Products distribution (%) 
MeOH+DME CH4 P2-4 O2-4= C5+ 
300 2160 2.0 11.21 2.22 3.89 6.68 21.79 62.10 5.54 
300 6480 2.0 5.11 3.09 7.54 6.10 15.93 66.36 4.07 
350 2160 2.0 13.21 25.79 0.46 4.71 23.69 66.21 4.93 
350 6480 2.0 6.67 51.48 2.07 4.22 20.65 68.84 4.22 
400 2160 2.0 37.86 49.98 0.31 6.68 16.87 71.80 4.34 
400 6480 2.0 20.17 68.09 0.78 5.35 12.31 77.59 3.97 
a Reaction condition: The typical composition of pristine gas was H2 67.50%, CO2 23.90%, CO 
5.42%, Ar 3.18%, vol%; the weight ratio of In2O3/ZrO2 catalyst and SAPO34 is 1:1; 0.5 g 
catalyst. 
 
1.3.5. Characterizations 
As shown in Figure 1.9, the oxygen starts to release forming oxygen vacancies 
from ~230 oC in the H2 atmosphere, which is useful in the methanol synthesis reaction. 
However, the In2O3 will start to be reduced from ~350 
oC. Furthermore, according to 
the existing of formed CO in CO2 hydrogenation reaction under high temperature, the 
In2O3 can be more easily reduced to metallic Indium at a mixture of CO and H2 
atmosphere in the light olefins synthesis catalysis reaction. On the reduced catalyst, the 
exposed In-In bond is in favors of reverse water gas shift reaction to form CO byproduct 
rather than methanol. For metal Indium, the melting point is 156.61 oC, which is much 
less than the temperature in reaction conditions. Thus, the melted Indium will be easily 
aggregated to supply a large amounts of In-In bond sites. Moreover, the CO2 and H2 
are more easily absorbed on the melted Indium due to the viscous of the metal fluids. 
As a result of above reasons, plenty of undesirable CO will be produced under high 
temperature since the special characteristics of the catalyst. Briefly, to precision control 
the state of In2O3 is important in this reaction. Even though the In2O3 is the active phase 
for methanol synthesis, the reduced metallic In is the active phase for reverse water gas 
shift reaction. 
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Figure 1.9. H2-TPR of In2O3/ZrO2 metallic oxide catalyst. 
 
In order to investigate feasibility of the reaction route for further industrial 
application, In2O3/ZrO2&SAPO activity is evaluated over continuous 100 h in CO2 
hydrogenation reaction (Figure 1.10). The catalyst shows superior stability in CO2 
conversion and light olefins selectivity with STY (space time yield) of 1.61 c-
mol/(kg·h), as the reaction continuing, with a slightly enhanced tendency of catalytic 
performance. 
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Figure 1.10. Stability of In2O3/ZrO2&SAPO hybrid catalyst for CO2 conversion to light olefins. 
(2.0 MPa; 300 oC; 2160 mL/(h·g)) 
 
More catalysts characterisation has been performed to disclose the unique catalytic 
functions of the In2O3/ZrO2&SAPO hybrid catalyst. The XRD patterns (Figure 
1.11a&b) show that no metallic In exists in the spent In2O3/ZrO2 catalyst, implying that 
oxygen vacancy in the In2O3/ZrO2 catalyst is the active phase for CO2 hydrogenation 
at initial stage. CO2 is first chemisorbed at the oxygen vacancy site to undergo stepwise 
hydrogenation to formate, dioxymetylene, methoxy and finally reaching methanol. The 
oxygen vacancy is occupied during the CO/CO2/H2 to methanol process, and it is 
regenerated by subsequent hydrogenation [45]. The formed methanol over the surface 
of In2O3 will continue passing through the SAPO34 zeolite channel, where it is changed 
into methylated benzenes, then lose alkyl groups easily via hydrocarbon-pool route, to 
form light olefins simultaneously [46]. At the same time, the reaction activity also can 
be accelerated due to the syncretistic effect of the hybrid catalyst. Besides, the 
undesirable CO formation from reverse water gas shift reaction is limited by this special 
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active phase which differs from the reducible metallic methanol synthesis catalysts. In 
details, the main reason of limitation of reverse water gas shift reaction is the special 
active phase of oxygen vacancies are exposed on the surface of In2O3 and ZrO2. The 
CO2 and H2 are more easily adsorbed on the surface oxygen vacancies of In2O3 and 
ZrO2, however the In
3+ is more favorable in activating the CO2 to form CHO species at 
initial, then further converting to the methanol rather than CO due to inhibiting the 
competing reaction process of reverse water gas shift reaction on this active sites. The 
H2-TPR result reveals that the bulk of In2O3/ZrO2 catalyst is reduced above 350 
oC, 
supporting the above hypothesis that metallic In is not the active phase in this reaction 
(Figure 1.9). To confirm the active phase in In2O3/ZrO2 catalyst, XPS is conducted and 
oxygen atoms fraction are illustrated in Figure 1.12 and Table 1.5. On the fresh 
In2O3/ZrO2 catalyst, oxygen vacancies can be detected which supply active phase in the 
reaction. Accompanied by the process of reaction, Odefect concentration increases from 
28.61% to 40.77%, indicating that oxygen is released under oxygen poor atmosphere 
and oxygen vacancies are generated for CO2 hydrogenation. For In2O3/ZrO2&SAPO 
hybrid catalyst, the CO2 adsorption capacity of In2O3/ZrO2&SAPO is attributed to the 
presence of a high concentration of anionic vacancies on the surface of In2O3 and ZrO2. 
Such vacancies expose In3+ and Zr4+ cations, which act as Lewis acid centers and 
enhance the Brønsted acidity of adjacent Zr/In-OH groups. The presence of In3+ and 
Zr4+ sites and adjacent Brønsted acidic Zr/In-OH groups contributes to the adsorption 
of CO2 as HCOO–Zr/In groups, which are the initial precursors to methanol [47,48]. In 
the reaction, the CO2 is absorbed in the oxygen vacancies and then dissociated and 
hydrogenated by H2 gradually to CH3O, followed by further hydrogenating to CH3OH. 
After the formation of oxygen vacancies, the number of electrons and magnetic 
moments in the vicinity of In increases, and there are lots of electrons located above the 
highest valence band of the oxide. Thus, transfer of these energetic electrons to 
methoxyl promotes its adsorption in the oxygen vacancies [49]. Moreover, by co-
feeding CO to generate the oxygen vacancies, it shows better catalytic performance in 
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the reaction results, which also supports the view of oxygen vacancy is the active sites 
in this reaction. 
 
Figure 1.11. XRD patterns of In2O3/ZrO2 catalyst (A) and SAPO34 zeolite (B). 
Chapter 1 
22 
 
 
 
Figure 1.12. XPS O1s spectra of In2O3/ZrO2 metallic oxide catalyst: (a) the fresh catalyst, (b) 
the spent catalyst. 
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Table 1.5. The concentration of OH, Odefect and Olattice in In2O3/ZrO2 catalyst. 
Catalyst OH (%) Odefect (%) a Olattice (%) Odefect/Olattice 
In2O3/ZrO2(fresh) 6.13 28.61 65.26 0.44 
In2O3/ZrO2 (spent) 5.83 40.77 53.40 0.76 
a: The Odefect concentration is the fraction of surface oxygen atoms adjacent to a defect 
calculated from the de-convoluted O1s XPS signal. 
 
The morphologies of In2O3/ZrO2 catalyst and SAPO34 zeolite have been analyzed 
by SEM-EDS (Figure 1.13 and Figure 1.14) and HRTEM (Figure 1.15 and Figure 
1.16). The mixed crystals of In2O3, monoclinic ZrO2 and SAPO34 zeolite are visualized 
in the SEM and HRTEM images. From the EDS mapping and linear scanning of EDS 
over In2O3/ZrO2 catalyst, the results reveal that In element is well dispersed on the ZrO2 
support by our catalyst preparation method, which makes the hybrid catalyst possess 
good reaction stability and inhibits undesirable CO formation from aggregation of CO2 
in reverse water gas shift reaction. 
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Figure 1.13. (a) The SEM images of In2O3/ZrO2 catalyst, (b) In of EDS mapping, (c) Combined 
EDS mapping of In and ZrO2, (d) The linear scanning of the section on the In2O3/ZrO2 catalyst 
surface. 
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Figure 1.14. The SEM images of surface of SAPO34 zeolite. 
 
 
Figure 1.15. The HRTEM images of In2O3/ZrO2 catalyst. Insets are the representative SAED 
pattern (left) from the film and lattice of In2O3 (right) respectively. 
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Figure 1.16. The TEM images of In2O3/ZrO2 metallic oxide catalyst with different scale bars, 
(a) 10 nm, (b) 20 nm, (c) 50 nm, (d) 100 nm. 
 
1.4. Conclusions 
In conclusion, we realize a novel strategy of direct light olefins synthesis from CO2 
to enhance the light olefins selectivity and limit the CO formation over 
In2O3/ZrO2&SAPO hybrid catalyst. This hybrid catalyst efficiently combines 
In2O3/ZrO2 component and SAPO34 zeolite, giving the oxygen vacancy to benefit CO2 
activation for hydrogenation into methanol, at the same time SAPO34 zeolite channel 
further dehydrates the formed methanol into light olefins. By optimizing reaction 
condition, the light olefins selectivity reaches higher than 60% with only less than 5% 
poisonous CO formation. Furthermore, this study makes the In2O3/ZrO2&SAPO hybrid 
catalyst has superior potential for industrial application in the future. 
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Chapter 2 
A Study on the Effect of pH Value of Impregnation Solution 
in Nickel Catalyst Preparation for Methane Dry Reforming 
Reaction 
 
pH value of impregnation solution significantly controls the Ni particle size. 
Generally, the catalysts prepared under acid condition present bigger Ni particle size, 
while the catalysts prepared using NH4OH solution exhibit smaller particle size and 
stronger metal-support interaction, which demonstrate stable reaction activity due to 
excellent resistance to carbon deposition and metal sintering during dry reforming 
reaction. 
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Abstract 
The nickel particle size, distribution and interaction with support are crucial to the 
catalytic performance in dry reforming of methane reaction (DRM). Despite numerous 
literatures on dry reforming catalysis, the effect of solution pH on the catalytic 
performance is not well studied. Herein, we designed a series of Ni/SiO2 catalysts with 
different Ni particle sizes. The Ni particle size was controlled with altering the pH of 
the Ni nitrate solution via the addition of HNO3 or NH4OH. X-ray diffraction (XRD) 
revealed that NH4OH promoted Ni/SiO2 catalysts present smaller NiO nanoparticles, 
and enhanced metal-support interaction was evidenced from X-ray photoelectron 
spectra (XPS) and H2 temperature-programmed reduction (H2-TPR) analyses. In 
addition, according to thermogravimetric analysis and differential scanning calorimetry 
(TG-DSC) and transmission electron microscopy (TEM) results, the spent catalysts 
produced less carbon deposition and maintained Ni nanoparticles in smaller size after 
DRM reaction. Catalysts with nearly uniform and small particle size demonstrated a 
satisfying resistance to aggregation and carbon deposition, while realizing a high CH4, 
CO2 and Ctotal conversion (74.5, 83.7 and 79.7%, respectively). The present study 
provides a simple but effective way to change the metal-support interaction and metal 
particle size.  
Keywords: CO2; dry reforming; Ni based catalyst; pH value 
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2.1. Introduction 
Currently, dry reforming of methane (DRM) has gained renewed attention as an 
approach to alleviate global warming by consuming two greenhouse gases (CO2 and 
CH4) to produce a valuable feedstock, i.e. syngas [1,2]. Generally, both noble metals 
(Ru, Rh, Ir, Pt, etc.) and non-noble metals are able to catalyze the dry reforming [3]. 
Despite noble metals exhibit great catalytic activity and carbon deposition resistance, 
high price and limited resources have restricted their industrial application [4,5]. On the 
contrary, Ni catalyst is a promising alternative to noble metals due to high initial 
catalytic activity, low cost and relative abundance [6,7]. However, at high dry 
reforming temperature, the Ni catalyst suffers a rapid deactivation due to metal sintering 
and carbon deposition [8]. Therefore, it is important to develop a more stable Ni catalyst. 
Smaller Ni particle has a great effect on improving the catalytic stability during 
the dry reforming reaction by limiting the carbon nucleation and growth [9]. For 
instance, Dębek et al. found that the carbon deposition resistance of the Ni catalyst was 
improved by rearranging metal crystallites into smaller aggregates via introducing Zr 
into Ni precursor [10]. Furthermore, Xie’s group claimed that, Ni/SBA-15 catalyst, 
prepared with the assistance of ethylene glycol, had a high distribution of Ni particles 
which were in small size and this Ni catalyst exhibited an excellent carbon deposition 
and sintering resistance [11]. In addition, Shang et al synthesized Ni/γ-Al2O3 catalyst 
using atomic layer deposition method, and the catalyst exhibited superior stability and 
activity during dry reforming reaction compared with another Ni/γ-Al2O3 prepared by 
conventional impregnation method. They declared that the aggregation of small Ni 
nanoparticles could be significantly suppressed by intensifying the interaction between 
metal and support [12]. According to Liu et al., a facile combustion method was adapted 
to prepare Ni/SiO2 catalyst by the addition of NH4NO3 and C2H5NO2. The as-prepared 
catalyst exhibits small Ni particles size with excellent resistance to carbon deposition, 
and thus presents superb stability of the catalyst during dry reforming reaction. 
However, Ni/SiO2-0/0 (no NH4NO3 or C2H5NO2) and Ni/SiO2-0/1 (only NH4NO3) 
suffer an obvious and continuous decreasing in CH4 and CO2 conversions, due to large 
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amount carbon deposition being generated on these two catalysts. Therefore, small Ni 
particles could effectively enhance the catalytic performance [13]. Besides, Wang and 
coworkers compared different preparation techniques such as deposition-precipitation 
(DP), co-precipitation (CP) and sequential precipitation (SP) to tune the metal-support 
interaction, and they discovered that the catalyst synthesized by DP method showed the 
highest activity and stability due to the strong metal-support interaction [14].  
It is reported that pH value of impregnation solution controls the generation of 
aqueous ions complexes and the surface speciation on the support (Scheme 2.1), which 
greatly contributes to tuning Ni particle size and metal-support interaction [15,16]. 
However, the effect of solution pH on the performance of Ni catalyst in dry reforming 
is not investigated previously. Here, we fabricated a series of Ni/SiO2 catalysts via 
impregnation method with a pH value range from 1~12 adjusted by NH4OH or HNO3 
solution. The characteristics of catalyst were systemically studied by XRD, X-ray 
Fluorescence (XRF), inductively coupled plasma mass spectrometry (ICP-MS), TG-
DSC, XPS, H2-TPR, TEM and other techniques, and the catalytic performance was 
evaluated by CO2 dry reforming of methane using a fixed-bed reactor. 
 
 
Scheme 2.1. Representative distribution diagram for the molar fractions of aqueous nickel 
species as a function of solution pH. 
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2.2. Experimental 
2.2.1. Catalyst preparation 
The 5% Ni/SiO2 (SiO2, Fuji Silysia Chemical Ltd.) catalysts were prepared by 
wetness impregnation method. The pH of impregnation solution was adjusted with the 
addition of HNO3 or NH4OH to the solution. In a typical run, the supported Ni-based 
catalysts were prepared with dropwise addition of Ni nitrate solution with varying pH 
value onto SiO2 support with ultrasonic auxiliary. The obtained mixtures were 
vacuumed for 1 h at room temperature and then dried under 120 oC for 12 h. 
Subsequently, the solids were calcined under 750 oC in air for 2 h. The obtained samples 
were denoted as Ni-X, where X represented the pH value of impregnation solution, and 
it should be noted that Ni-6 was prepared via conventional method, neither HNO3 nor 
NH4OH was added. 
2.2.2. Catalyst evaluation 
Catalyst activity measurement on CH4-CO2 reforming reaction was conducted 
using a fixed-bed quartz reactor. The catalyst of 200 mg was reduced at 700 oC by a H2 
flow (40 mL/min) for 1 h prior to the reaction. The catalytic activity test was carried 
out for a 10 h on stream reaction under the following reaction conditions: reaction 
temperature = 700 oC, P = 101.3 KPa, F = 40 mL/min, reactant gas = 
CH4/CO2/Ar=44.0/47.2/8.0, vol%. The composition of effluent gas from the outlet of 
reactor was analyzed by online gas chromatographs (GC) with a thermal conductivity 
detector. The CH4 and CO2 conversions are calculated as follows: 
 
X(CH4) = (Fin(CH4) - Fout(CH4))/Fin(CH4) × 100%                          (1) 
X(CO2) = (Fin(CO2) - Fout(CO2))/Fin(CO2) × 100%                          (2) 
X(Ctotal)= X(CH4) × a/(a+b)+ X(CO2) × b/(a+b)                           (3) 
S(H2) = F(H2)/(2(Fin(CH4) - Fout(CH4))) × 100%                            (4) 
S(CO)=F(CO)/((Fin(CH4)-Fout(CH4))+(Fin(CO2)-Fout(CO2))) × 100%           (5) 
Chapter 2 
35 
 
H2/CO = S(H2)/ S(CO)                                                 (6) 
Where X and S represents conversion and selectivity, F is the flow rate of each 
reagent or product, and a, b denote CH4 and CO2 content in feed gas, respectively. 
 
2.2.3. Catalyst characterizations 
XRD patterns were determined by Rigaku RINT 2400 diffractometer using 
radiation source of Cu Kα at 40 kV and 20 mA. Textural properties of samples were 
measured via adsorption of N2 at -196 
oC using an Autosorb-iQ-C. Before measurement, 
all samples were pretreated at 200 oC under vacuum for 3 h to remove the surface 
contaminants. XPS of the samples were recorded on a Thermo ESCALAB 250Xi X-
ray photoelectron spectrometer using Al-Kα as the excitation source. The H2 
temperature-programmed reduction (H2-TPR) and CO2 temperature-programmed 
desorption (CO2-TPD) were carried out on BELCAT-B3 apparatus. TG-DSC of the 
spent catalysts were performed on STA 449 of F3 Jupiter synchronization 
comprehensive thermal analyzer. Raman spectroscopy analysis was implemented on 
Renishaw InVia Raman microscope with a laser excitation line at 532 nm to measure 
the types of carbon deposition on the spent catalysts. TEM images were performed on 
the spent samples with a FEI Tecnai F20 operating at 200 kV. XRF and ICP-MS 
analyses were used to determine the Ni contents and performed on PHILIPS PW2404R 
and Perkin-Elmer-Plasma 40 emission spectrometer, respectively.  
 
2.3. Results and Discussion 
2.3.1. XRD 
Both fresh and spent catalysts were analyzed by XRD and the results are compared 
in Figure 2.1a&b. The broad diffraction peak located at 22o is corresponding to SiO2 
support, and the peaks at 37.2o, 42.9o, 62.9o, 75.4o (Figure 2.1a) and 44.5o, 51.9o, 76.6o 
(Figure 2.1b) are indexed to NiO and Ni phase, respectively [17]. The new peak on 
spent catalysts (Figure 2.1b) appearing at 26.0o is from the carbon material, indicating 
that carbon deposition was generated during the dry reforming reaction [18]. Noticeably, 
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compared with conventional Ni/SiO2 catalyst (Ni-6), the intensity of NiO diffraction 
peaks becomes weaker after introducing NH4OH solution (Ni-9 and Ni-12), suggesting 
that the Ni particles size was effectively controlled during catalyst preparation process. 
On the contrary, the peaks on Ni-1 and Ni-3 catalysts show a higher intensity, indicating 
that with the addition of HNO3, the NiO/SiO2 catalysts suffer an obvious Ni particles 
aggregation. And the intensity changing trend of Ni diffraction peaks of the spent 
catalyst shows a consistent tendency with those on the as-prepared fresh catalysts. 
Hence, the addition of NH4OH can effectively control the Ni particles to be finely 
dispersed. 
 
Figure 2.1. XRD patterns of samples prepared at various pH values. (a: Fresh catalysts; bA: 
Spent catalysts) 
 
2.3.2. BET 
The structure of the fresh Ni/SiO2 catalysts as well as the SiO2 support was 
determined by N2-sorption, and the N2 adsorption-desorption isotherm curves and the 
structure details are illustrated in Figure 2.2 and summarized in Table 2.1. All six 
samples show the type Ⅱ curves, indicating that all catalysts and SiO2 support show a 
macro-porous structure. In contrast to the curve of SiO2, an inconspicuous absorption 
of N2 arises at low pressure zone on the profiles of Ni/SiO2 catalysts, indicating that a 
small quantity of micropores are generated during the catalyst preparation, probably 
due to the accumulation of Ni particles. Compared with SiO2 support, the BET surface 
area, pore volume and pore diameter on each Ni/SiO2 catalysts are obviously decreased, 
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but they are almost the same for Ni-1, Ni-3 and Ni-6 three catalysts, indicating that 
acidic condition does not change the texture properties of Ni/SiO2 so much. However, 
both Ni-9 and Ni-12 catalysts exhibit higher BET surface area and smaller pore volume, 
due to a homogenous distribution of Ni particles inside SiO2 support, which is 
beneficial to the catalytic performance in dry reforming reaction. 
 
Table 2.1. Texture properties of fresh samples. 
Samples 
BET surface area  
(m2/g) 
Pore volume  
(cm3/g) 
Pore diameter 
(nm) 
SiO2 120 1.41 34.2 
Ni-1 82 1.17 31.3 
Ni-3 80 1.18 30.5 
Ni-6 81 1.17 30.8 
Ni-9 85 1.16 31.3 
Ni-12 90 1.12 31.3 
 
 
 
Figure 2.2. The N2 adsorption-desorption isothermal of SiO2 and Ni/SiO2 catalysts. 
 
Chapter 2 
38 
 
 
2.3.3. XPS 
XPS analysis was performed on the fresh catalysts to probe chemical 
characteristics and to measure the nature of nickel phase. As displayed in Figure 2.3 
and Figure 2.4, the peaks located at 856.33~857.20 and 874.34~874.95 eV are 
corresponding to Ni2p3/2 and Ni2p1/2, respectively [19]. In addition, the XPS 
spectroscopy still shows the presence of NiO according to the prominent satellites in 
Ni2p3/2 and Ni2p1/2 peaks centered at 862.39~863.06 and 880.03~880.97 eV, 
respectively [18]. Notably, the peaks of Ni2p3/2 and Ni2p1/2 on Ni-9 and Ni-12 catalysts 
shift towards higher binding energy (BE), suggesting that the interaction between NiO 
and SiO2 is enhanced with the addition of NH4OH. However, the peaks on Ni-1 and Ni-
3 present an opposite trend. Logically, the metal-support interaction would be 
weakened when introducing HNO3 and strengthened if using NH4OH. 
The Ni loadings on the catalysts were determined by XPS, XRF and ICP-MS, and 
the results are listed in Table 2.2. According to the XRF results, the Ni loadings on the 
catalysts are approximated within a range of 3.53~4.16 wt%, and the ICP-MS shows 
similar results with Ni loadings of 3.55~4.17 wt%. Generally, the catalysts with lower 
pH value show a lower Ni loading, probably caused by the loss of Ni particles during 
preparation process due to the weak interaction with SiO2 support. However, the Ni 
loadings on the catalysts analyzed by XPS are quite different, varying from 3.06 to16.00 
wt%. Concerning that XPS can only analyze the surface composition with 2 nm depth, 
therefore, the Ni loadings on Ni-1, Ni-3 and Ni-6 catalysts are much lower than those 
on Ni-9 and Ni-12, due to their larger Ni particle sizes. In addition, the average NiO 
particles size on fresh Ni-9 and Ni-12 catalysts are around 10 nm, whereas they are over 
20 nm on Ni-1, Ni-3 and Ni-6 catalysts calculated from XRD results, which is in good 
agreement with TEM images. (Figure 2.5) 
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Figure 2.3. XPS spectra of Ni for fresh catalysts. 
 
Figure 2.4. XPS survey spectrums of fresh Ni/SiO2 catalysts. 
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Figure 2.5. TEM images and NiO particles size distribution of fresh catalysts. (a, Ni-1; b, Ni-
3; c, Ni-6; d, Ni-9; e, Ni-12)  
 
Table 2.2. The Ni content of fresh catalysts determined by XPS, XRF and ICP-MS and 
crystallite size calculated from XRD. 
Catalysts 
Ni Content （wt%）  Crystallite size (nm) 
XPS XRF ICP-MS  NiO Ni 
Ni-1 3.97 3.60 3.65  28.2 30.5 
Ni-3 3.06 3.66 3.68  27.1 30.1 
Ni-6 4.10 3.53 3.55  19.8 21.8 
Ni-9 15.20 4.15 4.17  11.1 10.2 
Ni-12 16.00 4.16 4.17  10.2 8.7 
 
2.3.4. H2-TPR 
The effect of solution pH value on the metal-support interaction as well as the 
reduction properties of Ni/SiO2 catalysts was investigated by H2-TPR and the results 
are demonstrated in Figure 2.6 and Table 2.3. It is well known that the different H2 
consumption peaks are related to reduction of NiO to Ni0 phase with various metal-
support interaction. According to the TPR results, there are three different kinds of NiO 
particles on the catalysts. The first peaks at low temperature of around 370 oC are 
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ascribe to bulk-phase NiO on the surface of SiO2 with a weak binding to the SiO2 
support [11]. Secondly, the peaks at moderate-temperature of 420 oC are associated 
with the reduction of NiO with relatively smaller particle size, which is a main factor 
for the reduction temperature owing to the surface energy [5]. Thirdly, the peaks located 
at high temperature are corresponding to the NiO particles which are embedded into 
the SiO2 support. The TPR profiles illustrate that only Ni-9 and Ni-12 catalysts contain 
high-temperature reduction peak, suggesting that the Ni-based catalyst prepared using 
NH4OH has a strong metal-support interaction. Moreover, with the increasing of 
solution pH value, the reduction peaks shift to a higher temperature and the reduction 
degree of the catalysts show decreased tendency, indicating that the interaction between 
Ni and SiO2 is further enhanced, which is in good agreement with XPS results, and this 
will contribute to improve the catalytic stability during the reaction.  
 
 
Figure 2.6. H2-TPR profiles of fresh catalyst. 
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Table 2.3. H2 uptakes, reduction degree and CO2 uptakes on fresh Ni/SiO2 catalysts. 
Catalysts 
H2 uptakes (μmolH2·gcat-1) 
Red. degree (%)  
CO2 uptakes (μmolCO2/gcat) 
LTa MTb HTc total LT MT HT total 
Ni-1 264.3 - - 264.3 42.4 - 3.8 3.6 7.4 
Ni-3 257.1 - - 257.1 41.0 - 3.6 3.9 7.5 
Ni-6 100.2 146.7 - 246.9 40.8 - 4.1 4.8 8.9 
Ni-9 42.5 90.3 82.4 215.2 30.2 1.4 5.4 6.7 13.5 
Ni-12 40.5 67.8 100.9 209.2 29.6 1.5 7.6 4.6 13.7 
a: LT is for low temperature, b: MT represents for moderate temperature, c: HT is designated for 
high temperature 
 
2.3.5. CO2-TPD 
The TPD profiles of CO2 desorption from Ni/SiO2 catalysts are shown in Figure 
2.7, and three different kinds of peaks are observed, revealing the existence of three 
types of basic sites. Early reports have indicated that the CO2-TPD profiles on Ni 
particles with desorption temperature ranged from 100 to 150 oC for weakly basic site, 
between 150 and 350 oC for moderately basic site, and over 450 oC for strongly basic 
site [14]. Notably, the peaks of CO2 desorption on the catalyst with high pH value shift 
towards low temperature side, indicating that the strength of basic site was weakened 
with the pH increased. According to the XPS results, when the solution pH is high, the 
interaction between Ni and SiO2 is strengthened, suggesting that the electron cloud 
around NiO transfers to SiO2 support side, and the residual electron cloud to outward 
is reduced, so that the basicity of the catalyst is then decreased. (As illustrated in Figure 
2.8) The CO2 uptakes on Ni/SiO2 catalysts have been listed in Table 2.3. In contrast to 
Ni-1, Ni-3 and Ni-6 catalysts, Ni-9 and Ni-12 catalysts present more CO2 uptakes, 
probably due to more exposed Ni (NiO) particles, since they are of smaller size on the 
support.  
In this paper, the basic site mainly originates from the Lewis basic sites of NiO. 
For the catalyst with higher basic site concentration, more active site is exposed to the 
reactant gas, which effectively promotes the catalytic activity during dry reforming 
reaction. 
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Figure 2.7. The CO2-TPD profiles of fresh catalysts. 
 
 
Figure 2.8. The model of electron cloud distribution of Ni/SiO2. 
 
2.3.6. TG-DSC 
Generally, Ni catalyst suffers a rapid deactivation during dry reforming reaction, 
due to the formation of carbon deposition, which mainly comes from the decomposition 
of CH4 and CO disproportionation. Therefore, the spent catalysts were investigated by 
TG-DSC analysis and the profiles are demonstrated in Figure 2.9. Obviously, two 
weight loss were observed on the TG profiles with different temperature zone, 
representing two different kind of carbon deposition. The first type of carbon deposition 
eliminated at 625 oC is related to capsuling carbon [20], and another kind of carbon 
deposition centered over 670 oC exhibits a better thermostability, probably caused by 
the strong interaction between carbon deposition and SiO2 support, and which would 
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hardly affect the catalytic stability. It is worth noting that the capsuling carbon is absent 
from Ni-9 and Ni-12 catalyst, and that means Ni/SiO2 catalyst with small Ni size 
exhibiting an excellent resistance for the generation of capsuling carbon. Moreover, 
compared with Ni-6 catalyst, the carbon deposition is obviously decreased on Ni-9 and 
Ni-12 catalysts, only 12.9 % and 8.0 %, respectively, suggesting that catalyst prepared 
under basic condition could greatly enhance the resistance for carbon deposition. 
 
Figure 2.9. TG-DSC profiles of spent catalysts. 
 
2.3.7. Raman 
Raman spectroscopy was implemented to assure the structure of carbon species on 
the spent catalysts and the results are demonstrated in Figure 2.10. It is visible that the 
bands located around 1370 and 1540 cm-1 are corresponding to the defected carbon 
species (D band) and order degree of graphite (G band), respectively [21,22]. The ratio 
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of intensity (ID/IG) reflects the crystallinity degree of carbon deposition and the results 
are summarized in Table 2.4. As literature reports, graphite with order structure is more 
stable and could be hardly eliminated during the reaction [23]. In other words, the 
carbon deposition with a low ID/IG value is more likely to inactivate the catalyst. 
Referring to the Raman results, the value of ID/IG is increased with the increasing of the 
pH value, and that means catalyst prepared with the addition of NH4OH produces less 
graphite and is more stable during reaction. 
 
 
Figure 2.10. Raman spectra of carbon deposition on the spent catalysts. 
 
Table 2.4. ID/IG values and amount of carbon deposition on the spent catalysts. 
Catalysts ID/IG 
Carbon deposition at 625 
oC (gcoke/gcat) 
Carbon deposition over 670 oC 
(gcoke/gcat) 
Ni-1 0.599 0.215 - 
Ni-3 0.686 0.226 - 
Ni-6 0.732 0.144 0.087 
Ni-9 0.964 - 0.129 
Ni-12 0.988 - 0.08 
 
2.3.8. TEM 
TEM spectroscopy was performed to measure Ni particle size and detect the 
morphology of the carbon deposition on the spent Ni catalysts. As illustrated in Figure 
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2.11, Ni particle size on Ni-6 catalyst mainly distributed in 6~18 nm. Notably, with the 
addition of HNO3, the Ni particle size turned into larger size, probably caused by 
sintering during dry reforming reaction. However, after introducing NH4OH, the Ni 
particles demonstrate a much smaller size of 2~10 nm with a homogenous distribution, 
owing to the strong interaction between Ni and SiO2 support. Besides, large amount of 
encapsulated carbon is discovered on Ni-1, Ni-3 and Ni-6 catalysts, but hardly found 
on Ni-9 and Ni-12 catalyst, which is closely related to the Ni particle size. Logically, 
small Ni particles can enhance the carbon deposition resistance of the catalysts by 
inhibiting the diffusion of carbon deposition [24]. 
 
 
Figure 2.11. TEM images and Ni particles size distribution of spent catalysts. (a, Ni-1; b, Ni-
3; c, Ni-6; d, Ni-9; e, Ni-12) 
 
 
Chapter 2 
47 
 
2.3.9. Catalyst test 
The CH4, CO2 and Ctotal conversions, H2, CO yields and H2/CO ratio with time-
on-stream of the catalysts prepared with various pH values are demonstrated in Table 
2.5, Figure 2.12 and Figure 2.13. The CH4, CO2 and Ctotal conversion of Ni-6 catalyst 
is 72.3, 81.9 and 77.8%, respectively. However, the catalysts prepared using HNO3 (Ni-
1 and Ni-3) suffer a rapid deactivation with a lower catalytic activity during the dry 
reforming reaction, which is caused by the sintering of Ni particles and serious carbon 
deposition. On the contrary, the NH4OH promoted catalysts (Ni-9 and Ni-12) exhibit 
highly stable catalytic activity with a higher CH4, CO2 and Ctotal conversion of 74.5%, 
83.7% and 79.7%, respectively, due to excellent resistance against sintering and carbon 
deposition, originated from small Ni particle size and strong interaction between Ni and 
SiO2 support.  
 
Table 2.5. The catalytic performance of the catalysts on dry reforming reaction. a 
Catalysts 
Conversion (%) 
H2/CO 
CH4 CO2 Ctotal 
Ni-1 68.2 78.7 74.2 0.788 
Ni-3 65.9 77.1 72.2 0.771 
Ni-6 72.3 81.9 77.8 0.797 
Ni-9 74.4 83.6 79.6 0.855 
Ni-12 74.5 83.7 79.7 0.860 
a: 700 oC, 0.1 MPa, GHSV=12000, CH4/CO2/Ar=44.0/47.2/8.8, vol%. 
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Figure 2.12. Durability measurement of the catalysts for dry reforming reaction. 
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Figure 2.13. H2, CO yields and H2/CO ratio with time-on-stream. 
 
2.4. Conclusions 
Silica supported Ni catalysts were prepared by impregnation method with the 
varied pH values adjusted by HNO3 or NH4OH addition and applied in dry reforming 
reaction. The catalyst prepared under acidic condition showed poor catalytic 
performance such as rapid deactivation and low activity, due to Ni particles sintering 
and serious carbon deposition. However, the catalysts prepared using NH4OH exhibited 
admired catalytic performance and stability, owing to the small-size Ni (NiO) particles 
of about 10 nm from XRD results. In addition, the metal-support interaction was 
obviously enhanced, probably due to the transfer of electron from NiO to SiO2 support, 
which was evidenced from XPS and H2-TPR analyses. Moreover, less carbon 
deposition of about 10 wt% was generated during DRM reaction revealed by the TG-
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DSC profiles, and Ni particles with smaller crystallite size of 2~10 nm were maintained 
according to TEM techniques. In particular, the Ni catalysts prepared under pH=12 
show the best catalytic performance with CH4, CO2 and Ctotal conversion of 74.5%, 
83.7% and 79.7%, respectively. 
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Chapter 3 
Bifunctional capsule catalyst of Al2O3@Cu with strengthened 
dehydration reaction field for direct synthesis of dimethyl 
ether from syngas 
 
A simple capsule catalyst of Al2O3@Cu with enhancing dehydration reaction field 
is used to directly synthesize dimethyl ether from syngas. Compared to traditional 
powder-based Cu/Al2O3 catalyst, it can significantly promote the conversion of syngas 
and improve the selectivity of dimethyl ether in the direct synthesis process. 
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Abstract 
Direct conversion of syngas to dimethyl ether (DME) by using bifunctional 
catalysts is a promising way to meet the current industrial demands. However, spatial 
design of the bifunctional catalyst still remains challenge. Here, we report a novel 
bifunctional capsule catalyst of Al2O3@10Cu, synthesized by a simple surface 
infiltration method. It is different from the traditional capsule catalysts with the core for 
methanol synthesis and the shell for methanol dehydration. The Al2O3@10Cu employs 
an opposite strategy that using the shell for methanol synthesis while the core for 
methanol dehydration. The characterization results clearly demonstrate that the capsule 
Al2O3@10Cu possesses a more uniform Cu-Al2O3 shell structure and lower reduction 
temperature than other reference catalysts. Furthermore, in the direct DME synthesis 
from syngas, the Al2O3@10Cu with the uniform shell exhibits much higher CO 
conversion and DME selectivity than the conventional powder-based Cu/Al2O3-P 
catalyst. The present work offers a new spatially confined model for the direct DME 
synthesis from syngas. 
Keywords: bifunctional capsule catalyst; DME; syngas 
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3.1. Introduction 
Dimethyl ether (DME) is a colorless, flammable and non-toxic gas. It is easy to be 
liquefied to storing in various pressure vessels, and transported for long distance [1,2]. 
Owing to these excellent physical and chemical properties, DME has attracted much 
attention for its potential applications as environmentally benign fuel [3-7]. For 
example, it can be utilized as an excellent alternative to liquefied petroleum gas (LPG) 
and conventional diesel fuel, because its physicochemical properties are similar to LPG, 
and it possesses higher cetane number (5560) than conventional diesel fuel (50). In 
addition, DME as raw material and intermediate can be used to synthesize bulk 
chemicals (such as light olefins, gasoline, aromatics, etc.) [8,9]. It is also increasingly 
used as a good solvent and aerosol propellant. 
Traditionally, DME can be synthesized from syngas using a single-step process or 
two-step process [10-15]. The two-step process involves methanol synthesis and 
methanol dehydration, respectively. The methanol synthesis is established on Cu-based 
catalysts, and the methanol dehydration is carried out on solid acid catalysts (such as 
alumina, zeolite, composite oxides, etc.). In contrast, the single-step process, that is, 
direct conversion of syngas to DME (STD), possesses more thermodynamic advantages. 
Although it is also performed by the tandem reactions of methanol synthesis and 
methanol dehydration, the subsequent methanol dehydration in situ can promote the 
conversion of syngas due to thermodynamic limitation shift. 
Hybrid/bifunctional catalysts are typically employed to realize this single-step 
process [16-19]. However, extensive studies of the hybrid/bifunctional catalysts have 
been focused on simply physical mixing, or co-precipitation of methanol synthesis 
catalyst and methanol dehydration catalyst [20-23]. Few studies have been reported on 
spatially confined designs for the hybrid/bifunctional components [24-26]. Our 
previous work proposed a capsule catalyst of H-ZSM-5/Cu-ZnO-Al2O3 [24]. On this 
catalyst, the methanol was first formed on the core catalyst of Cu-ZnO-Al2O3, and then 
dehydrated on the shell of H-ZSM-5. But the DME selectivity was still not outstanding, 
and the catalyst preparation process was complicated. Therefore, there is a need to 
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develop a simple approach to prepare capsule catalysts, and to build a new spatially 
confined model for this single-step process. 
Herein, we present a novel bifunctional capsule catalyst of Al2O3@Cu, prepared by 
a simple surface infiltration of γ-Al2O3 pellet via Cu(NO3)2·3H2O solution. Unlike the 
conventional capsule catalysts that using the core for methanol synthesis and the shell 
for methanol dehydration, the Al2O3@Cu possesses an opposite design. It employs the 
shell for methanol synthesis, and the core for methanol dehydration. This novel core-
shell distribution provides a new spatially confined model to enhance dehydration 
ability of the γ-Al2O3 core, and significantly improves the DME selectivity. In addition, 
traditional supported catalyst (Cu/Al2O3-P) and silica catalyst (SiO2@Cu), as the 
reference catalysts, are also synthesized to compare the STD performance. Moreover, 
the Al2O3@Cu catalysts with different Cu contents are also investigated to reveal the 
shell effect on the direct DME synthesis process. 
 
3.2. Experimental 
3.2.1. Catalyst preparation 
γ-Al2O3 pellets (ALO-6, diameter size: 0.851.70 mm) were purchased from 
Nikki-Universal Co. Ltd., Japan. The capsule catalyst, Al2O3@10Cu, was prepared by 
a simple surface infiltration via a concentrated solution of Cu(NO3)2·3H2O. In brief, the 
Cu(NO3)2·3H2O (1.26 g) and deionized water (2.0 mL) were mixed in a beaker to 
prepare the concentrated solution. Then, 3.0 g of γ-Al2O3 pellet was quickly added into 
the beaker, and stirred for 1 h. The mixture was further dried at 120 oC for 12 h. After 
the sample was calcined in air at 400 oC for 3 h, the precursor of Al2O3@10Cu was 
obtained, and denoted as Al2O3@CuO. Before the reaction, the precursor of 
Al2O3@10Cu was reduced by a gas mixture of H2-Ar (5 vol% H2) with a flow rate of 
60 mL/min at 230 oC for 10 h. 
Al2O3@Cu catalysts with different Cu contents were synthesized by using the same 
method with the Al2O3@10Cu. 0.35, 2.00, 2.83, and 4.85 g of Cu(NO3)2·3H2O was 
used to prepare the Al2O3@Cu catalysts with Cu contents of 3, 15, 20, and 30 wt%, 
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respectively. SiO2@10Cu catalyst was prepared by using SiO2 pellets (Q10, Fuji Silysia 
Co. Ltd., Japan, diameter size: 0.851.70 mm). The other preparation processes were 
also the same with that of Al2O3@10Cu. 
Powder-based Cu/Al2O3-P catalyst was prepared by using a routine impregnation 
method. Typically, Cu(NO3)2·3H2O (1.26 g) and deionized water (20 mL) were mixed 
in a beaker. γ-Al2O3 powder (3.0 g), prepared by grinding γ-Al2O3 pellets, was further 
added into the mixture. The suspension was stirred for 5 h, and rested for 8 h. Then the 
deionized water was evaporated at 180 oC, and the sample was dried at 120 oC for 12 
h. To prepare the precursor, the dry solid was calcined in air at 400 oC for 3 h. The 
powder-based Cu/Al2O3-P catalyst was obtained, after the H2 reduction via a gas 
mixture of H2-Ar (5 vol% H2) with a flow rate of 60 mL/min at 230 
oC for 10 h. 
 
3.2.2. Catalyst characterizations 
The X-ray diffraction (XRD) patterns were collected by using an X-ray 
diffractometer (RINT 2400; Rigaku) with Cu Kα radiation (40 kV and 40 mA). The 
mean size of CuO was calculated by the Scherrer equation at 2θ = 35.9°. The X-ray 
photoelectron spectroscopy (XPS) was conducted with a Thermo Fisher Scientific 
ESCALAB 250Xi instrument, equipped with an Al Ka X-ray radiation source. The 
scanning electron microscope (SEM, JEOL JSM-6360LV) and energy dispersive 
spectroscopy (EDS, JED-2300) were employed to analyze the sample surface and 
cross-section. The transmission electron microscopes (TEM, JEOL JEM-2100F) were 
used to observe the high-magnification morphology. The nitrogen physisorption was 
carried out with a Micromeritics-Tristar 3000 instrument. Before the physisorption test, 
the sample was degassed at 200 oC for 2 h. The BET surface area, pore volume and 
pore size were calculated based on the BJH method. The thermo gravimetric analysis 
was carried out on a DTA/TGA-60 (Shimadzu). During this analysis, the samples were 
heated at a rate of 10 oC/min from room temperature to 800 oC in air flow. The H2 
temperature programmed reduction (H2-TPR) profiles were recorded in a fixed-bed 
reactor system, equipped with a thermal conductivity detector. The sample (100 mg) 
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was pretreated at 400 oC under Ar flow (40 mL/min), and then cooled down to 50 oC. 
After a gas mixture of H2-Ar (10 vol %) was introduced into the analysis system, the 
H2-TPR profiles were recorded from 50 
oC to 600 oC at a rate of 5 oC/min. 
 
3.2.3. Catalyst evaluation 
The catalytic tests were carried out in a fixed-bed tubular reactor, packed with the 
catalyst of 0.5 g. Before the reaction, the catalyst was reduced in situ by a gas mixture 
of H2-Ar (5 vol% H2) with a flow rate of 60 mL/min at 230 
oC for 10 h. After the 
reduction, syngas (H2/CO/CO2/Ar = 60/32/5/3, vol%) with the flow rate (Wcat./F = 10 
g·h/mol) was introduced into the reactor. Then, the temperature and pressure were 
raised to 150 oC and 4.7 MPa, to start the reaction. The effluent gas of CH4, CO and 
CO2 were analyzed by a gas chromatograph (Shimadzu, TCD, GC-8A) with a column 
of carbon molecular sieves. The hydrocarbons, such as CH4 and C2H6, were monitored 
using a GC (Shimadzu, FID, GC-8A). The methanol and DME products were analyzed 
by another GC with an FID detector. The reaction performances after 6 h were used for 
discussion. Calculation method were displayed as follows: 
(1)  CO Conv. = (Fin XCO, in - Fout XCO, out) /(Fin XCO, in) × 100 
CO Conv. - conversion of CO, %; Fin - flow rate of feed gas, mol/h; Fout - flow 
rate of effluent gas, mol‧h-1; XCO,in - mole fraction of CO in feed gas; XCO, out - Mole 
fraction of CO in effluent gas. 
(2)  CO Conv. to CO2 = (Fout XCO2, out - Fin XCO2, in) / (Fin XCO, in) ×100 
CO Conv. to CO2 - Conversion of CO to CO2, %; Fin - flow rate of feed gas, mol‧h
-
1; Fout - flow rate of effluent gas, mol‧h
-1; XCO2, in - mole fraction of CO2 in feed gas; 
XCO2, out - mole fraction of CO2 in effluent gas. 
(3)  
∑ ,,
,,
i
misi
misi
i
fR
fR
S =  
Si - carbon molar selectivity of component i, %; Ri, s - peak area for component i; 
fi, m - correction factor; CO2-free on this basis. 
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3.3. Results and discussion 
3.3.1. SEM-EDS 
To confirm the capsule structure of the Al2O3@Cu catalysts, The SEM (Scanning 
Electron Microscope) and EDS (Energy Dispersive X-ray Spectrometry) are employed 
to analyze their pellet surface and cross-section. The results are shown in Figure 3.1. 
The observed catalysts of Al2O3@3Cu, Al2O3@10Cu, and Al2O3@20Cu contain Cu 
contents of 3%, 10% and 20%, respectively. The pellet surface shows that the roughness 
increases with the enhanced Cu contents (Figure 3.1a-c). The high-magnification SEM 
images further display that the particles of Cu-Al2O3 composite are formed on the pellet 
surface (Figure 3.1d-f). Because the Cu contents are too low or too high, the incomplete 
shells are observed on the Al2O3@3Cu and Al2O3@20Cu. However, the Al2O3@10Cu 
catalyst exhibits a uniform shell covering the Al2O3 core. 
 
 
Figure 3.1. SEM analyses for the Al2O3@Cu catalysts. (a) Pellet surface of Al2O3@3Cu; (b) 
pellet surface of Al2O3@10Cu; (c) pellet surface of Al2O3@20Cu; (d) high-magnification SEM 
images for the Al2O3@3Cu; (e) high-magnification SEM images for the Al2O3@10Cu; (f) high-
magnification SEM images for the Al2O3@20Cu. 
 
The cross-section of Al2O3@10Cu is also prepared for SEM observation. The SEM 
results further reveal that the Al2O3 core is covered by the Cu-Al2O3 shell (Figure 3.2a). 
The EDS analysis demonstrates that the Cu is mainly distributed in the shell, and the 
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Al is decreased from the core to the surface of the shell (Figure 3.2b). This 
phenomenon directly demonstrates that both the Cu and the Al2O3 are incorporated in 
the capsule shell. 
 
 
Figure 3.2. SEM image and EDS analyses for the Cross-section of Al2O3@Cu catalysts. (a) 
The cross-section for Al2O3@10Cu; (b) EDS analyses for cross-section of Al2O3@10Cu (red: 
Cu; blue: Al). 
  
3.3.2. XRD&TEM 
To investigate the precursors of Al2O3@10Cu and other reference catalysts, 
multiple characterization techniques are further employed. By using pure CuO, Al2O3 
and SiO2 as the references, the XRD (X-Ray Diffraction) results demonstrate that CuO 
is the main species of copper oxide in the precursors of SiO2@10Cu, Al2O3@10Cu and 
Cu/Al2O3-P (Figure 3.3a). The two peaks at 35.9 and 39.1 should be contributed to 
the preferential planes of (002) and (111) of CuO phase, respectively [27]. The TEM 
(Transmission Electron Microscopy) analysis of the Cu/Al2O3-P, with inter planar 
spacing of 0.23 nm, further reveals that the surface of (111) dominates the CuO phases 
(Figure 3.3b), although the Cu/Al2O3-P has a weak intensity for the XRD peaks. The 
average size of the CuO is calculated by the Scherrer equation at 2 = 39.1. The 
Cu/Al2O3-P, Al2O3@10Cu and SiO2@10Cu possess the average CuO particle size of 
7.1, 16, and 19 nm, respectively. The XRD analysis also implies that the large particles 
on the pellet surface, observed by the SEM (Figure 3.1e), are caused by the Cu-Al2O3 
composite. In addition, the Al2O3@Cu catalysts with increasing the Cu contents exhibit 
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an increasing intensity of the CuO peaks (Figure 3.4). The average CuO size also rises 
from 16 to 34 nm. 
 
 
Figure 3.3. Characterization of XRD and TEM for various catalysts. (a) XRD patterns; the 
average size of CuO was calculated by Scherrer equation at 2 = 39.1. (b) TEM image of 
Cu/Al2O3-P sample. 
 
 
Figure 3.4. XRD patterns for the Al2O3@Cu catalysts with different Cu contents. The CuO 
particle size of 16, 24 and 34 nm were revealed on the Al2O3@Cu catalysts with the Cu content 
of 10, 20, and 30%, respectively. The average size in the precursors was calculated by the 
Scherrer equation at 2 = 39.1. 
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3.3.3. XPS  
The XPS (X-ray Photoelectron Spectroscopy) results on Cu 2p region disclose that 
the Cu species of Al2O3@10Cu are similar with those of Cu/Al2O3-P and Al2O3@20Cu 
(Figure 3.5). The peaks at 934.0 eV accompanying with the satellite characteristic 
peaks of 942.5 eV suggest that the Cu ion is a divalent oxidation state in the catalyst 
precursors [28-30]. It is in agreement with the XRD results.  
 
Figure 3.5. XPS spectra of the Cu/Al2O3-P, Al2O3@10Cu and Al2O3@20Cu. 
 
3.3.4. BET and TPR 
The BET (Brunauer-Emmett-Teller) data reveals that the high Cu contents decrease 
the surface area, pore volume, and mean pore size on the Al2O3@Cu samples (Table 
3.1). But there are only slight changes on the Al2O3@10Cu, compared with the pure 
Al2O3 pellet. The H2-TPR (H2 Temperature Programmed Reduction) profiles display 
that the Al2O3@10Cu can be reduced at a lower temperature than the other reference 
catalysts, as shown in Figure 3.6 and Figure 3.7. This phenomenon indicates that the 
Cu ion of Al2O3@10Cu precursor is easier to be transformed into the active center for 
the direct DME synthesis. 
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Figure 3.6. H2-TPR profiles for the Al2O3@Cu catalysts with different Cu contents. 
 
 
Figure 3.7. H2-TPR profiles for the Al2O3@10Cu and other reference catalysts. The 
SiO2@10Cu shows more Cu0 than the Al2O3@10Cu. 
 
Table 3.1. Textural properties for the pure Al2O3 and the Al2O3@Cu catalysts with different Cu 
contents. 
 
Samples 
BET surface area 
(m2/g) 
Pore volume 
(cm3/g) 
Average pore diameter 
(nm) 
Al2O3 180 0.71 13 
Al2O3@10Cu 171 0.74 10 
Al2O3@20Cu 165 0.84 7.5 
Al2O3@30Cu 142 0.66 6.9 
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3.3.5. Catalytic performance 
To reveal the catalytic performance, the Al2O3@10Cu and other reference 
catalysts have been tested in the direct DME synthesis. The CO conversion and product 
selectivity of SiO2@10Cu, Cu/Al2O3-P, and Al2O3@10Cu catalysts are shown in 
Figure 3.8a&b, respectively. The precursor of Al2O3@10Cu (denoted as Al2O3@CuO) 
does not exhibit any activity, because the CuO cannot catalyze MeOH(methanol) 
synthesis from syngas. The SiO2@10Cu, prepared from the same method with the 
Al2O3@10Cu, shows a low CO conversion and high MeOH selectivity. This should be 
due to the fact that the CO conversion is limited by thermodynamic equilibrium, and a 
weak ability of MeOH dehydration is afforded by the SiO2 pellets with very weak 
acidity. 
Al2O3 is a well-recognized catalyst for methanol dehydration, because of the 
moderate acid site strength and amount. To utilize its strong ability of MeOH 
dehydration, the Al2O3 powder and pellet has been employed to synthesize the catalysts 
of Cu/Al2O3-P and Al2O3@10Cu, respectively. As shown in Figure 3.8a&b, the 
Cu/Al2O3-P exhibits higher CO conversion and DME selectivity than the SiO2@10Cu. 
It demonstrates that the strong MeOH dehydration is beneficial to boost up the CO 
conversion by equilibrium shift, and to enhance the DME selectivity. But in the 
products, we still observe an undesired MeOH selectivity. In contrast, the Al2O3@10Cu 
completely converts MeOH intermediate, exhibiting an outstanding DME selectivity of 
98%. Although the CO conversion to CO2 via WGSR (water gas shift reaction) is also 
slightly enhanced, the CO conversion to DME is still much higher than that of 
Cu/Al2O3-P. Further, it is noted that both the Cu/Al2O3-P and Al2O3@10Cu are 
supported by the Al2O3, but the STD performances are significantly different. This 
allows us to consider that the spatial structure is an important factor controlling the 
reaction process. 
Chapter 3 
64 
 
 
Figure 3.8. Reaction performance for the Al2O3@Cu and other reference catalysts: (a) CO 
conversion, (b) product selectivity. Reaction conditions: T=250 oC; P=4.7 MPa; H2/CO/CO2/Ar 
= 60/32/5/3, vol%; flow rate, Wcat/F = 10 g·h/mol; catalyst weight, 0.5 g; time on stream, 6 h. 
 
The effect of Al2O3@Cu catalysts with different Cu contents are further evaluated 
in the direct DME synthesis. The results are displayed in Figure 3.9a&b. All the 
Al2O3@Cu catalysts exhibit low hydrocarbons (HCs) selectivity, suggesting that the 
Al2O3 successfully inhibits the formation of hydrocarbon byproducts. In addition, 
compared to the Al2O3@10Cu, other Al2O3@Cu catalysts decrease CO conversion and 
DME selectivity. The undesired MeOH selectivity is also observed. According to the 
SEM results, the defective shells have been observed on the other Al2O3@Cu catalysts. 
Therefore, it is further confirmed that the uniform Cu-Al2O3 shell of Al2O3@10Cu 
plays a key role on enhancing the MeOH dehydration on the Al2O3 core. 
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Figure 3.9. Reaction performance of the Al2O3@Cu catalysts with different Cu contents: (a) 
CO conversion, (b) product selectivity. Reaction conditions: T=250 oC; P=4.7 MPa; 
H2/CO/CO2/Ar = 60/32/5/3, vol%; flow rate, Wcat/F = 10 g·h/mol; catalyst weight, 0.5 g; time 
on stream, 6 h. 
 
To compare the product stability on these Al2O3@Cu catalysts, the Al2O3@3Cu, 
Al2O3@10Cu, Al2O3@15Cu, and Al2O3@30Cu catalysts are tested, respectively, at the 
same reaction conditions for 30h. The results are shown in Figure 3.10. The 
Al2O3@10Cu displays a stable CO conversion, and the value is higher than those of the 
other three samples in Figure 3.10a. For the product selectivity, the Al2O3@3Cu and 
the Al2O3@10Cu exhibit stable DME and MeOH selectivity, as shown in Figure 3.10b 
&c. But the Al2O3@15Cu and the Al2O3@30Cu display the decrease of DME 
selectivity and increase of MeOH selectivity. This observation indicates that high Cu 
content on these Al2O3@Cu catalysts easily causes unstable product selectivity. In 
contrast, low Cu content enhances the interaction between Cu particles and Al2O3 core. 
Thus, the Al2O3@3Cu and the Al2O3@10Cu reveal the stable performance; moreover, 
the Al2O3@10Cu possesses a higher performance, compared with the Al2O3@3Cu. 
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Figure 3.10. The stability of the Al2O3@Cu catalysts with different Cu contents: (a) CO 
conversion, (b) DME selectivity, (c) MeOH selectivity. Reaction conditions: T=250 oC; P=4.7 
MPa; H2/CO/CO2/Ar = 60/32/5/3, vol%; flow rate, Wcat/F = 10 g·h/mol; catalyst weight, 0.5 g; 
time on stream, 30 h. 
 
3.3.6. Characterization for the spent catalysts 
After the reaction, the spent catalyst of Al2O3@10Cu (Al2O3@10Cu-Spent) 
displays new Cu species of Cu0 and Cu2O (Figure 3.11). Based on H2-TPR profiles 
(Figure 3.6 and Figure 3.7), the Al2O3@10Cu also possesses a lower reduction 
temperature for the CuO than the others. Thus, it is speculated that the Cu species of 
Al2O3@10Cu with low oxidation state may improve the CO conversion in the direct 
DME synthesis. Although the Al2O3@10Cu possesses a larger CuO particle size than 
the Cu/Al2O3-P, it still shows the higher reaction performance than the Cu/Al2O3-P. 
This phenomenon is distinctly different with the traditional rule that small particle size 
is in favor of high performance in the direct CO hydrogenation process [31]. This 
observation also implies that the MeOH dehydration on the Al2O3 core is a crucial step 
to enhance the CO conversion and DME selectivity. 
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Figure 3.11. XRD patterns for the fresh and spent catalysts. (a) Al2O3@10Cu-Fresh; (b) 
Al2O3@10Cu-Spent. 
 
In addition, the surface morphologies for Al2O3@10Cu-Spent and fresh catalyst 
of Al2O3@10Cu (Al2O3@10Cu-Fresh) are the similar to each other (Figure 3.12). But 
the differences between them are revealed by thermo-gravimetry and differential 
temperature analysis (TG-DTA). On the TG curves, the Al2O3@10Cu-Spent shows less 
loss of the weight than the Al2O3@10Cu-Fresh, due to the oxidization of Cu
0 and Cu2O  
on the Al2O3@10Cu-Spent (Figure 3.13). The Al2O3@Cu catalysts with different Cu 
contents further demonstrate this phenomenon (Figure 3.14). On the DTA curves, the 
Al2O3@10Cu-Spent exhibits a higher exothermic broad peak before 427 
oC, compared 
with the Al2O3@10Cu-Fresh. It should be attributed to the decomposition of the 
adsorbed CHx species on the surface. In addition, no exothermic peak of carbon 
deposition is observed on the Al2O3@10Cu after 427 
oC. It suggests a weak ability to 
carbon deposition. The Raman analysis of the Al2O3@10Cu-Spent also demonstrates 
this phenomenon (Figure 3.15). 
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Figure 3.12. SEM images for the Al2O3@10Cu-Fresh and Al2O3@10Cu-Spent. (a) 
Al2O3@10Cu-Fresh; (b) Al2O3@10Cu-Spent. 
 
 
Figure 3.13. TG-DTA results for the Al2O3@10Cu-Fresh and Al2O3@10Cu-Spent. 
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Figure 3.14. TG-DTA analysis for the Al2O3@Cu catalysts with different Cu contents. 
 
 
Figure 3.15. TG-DTA analysis for the Al2O3@Cu catalysts with different Cu contents. 
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3.3.7. The shell effect on the direct DME synthesis 
To further elucidate the shell effect on the direct DME synthesis process, the 
reactors for the Al2O3@10Cu and Cu/Al2O3-P are compared (Figure 3.16a&b). The 
Cu/Al2O3-P reactor reveals that the two catalytic components of Cu species and Al2O3 
are very close to each other. The MeOH synthesis with the strong exothermic effect 
(2CO + 4H2 = 2CH3OH; ΔH = -181.6 kJ/mol) may suppress the exothermic MeOH 
dehydration (2CH3OH = CH3OCH3 + H2O; ΔH = -23.4 kJ/mol) in the direct DME 
synthesis process. The intermediates of MeOH synthesis also have high probability to 
affect the MeOH dehydration, owing to the short-distance diffusion. However, the 
Al2O3@10Cu reactor separates the two catalytic components for MeOH synthesis and 
MeOH dehydration to suitable extent. The interference from MeOH synthesis is 
eliminated at the MeOH dehydration sites. Further, the uniform shell with the spatially 
confined effect significantly enhances the MeOH dehydration rate to raise CO 
conversion by equilibrium shift, consequently increasing the DME selectivity (Figure 
3.16c). As a result, an excellent performance on the Al2O3@10Cu is obtained for the 
direct DME synthesis. 
 
Figure 3.16. Schematic diagram for Al2O3@10Cu (a) and Cu/Al2O3-P (b) in reactor. (c) 
Schematic for the direct synthesis of DME from syngas over the Al2O3@10Cu catalyst. 
 
3.4. Conclusion 
In summary, a novel bifunctional capsule catalyst of Al2O3@10Cu is synthesized 
by a simple surface infiltration method. Unlike the traditional capsule catalysts, this 
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Al2O3@10Cu employs an opposite design which utilizes the shell for MeOH synthesis 
and the core for MeOH dehydration. The characterization analyses demonstrate that the 
capsule Al2O3@10Cu catalyst possesses a uniform Cu-Al2O3 shell and a low reduction 
temperature. The STD performance reveals that the Al2O3@10Cu with the uniform 
shell significantly enhances the MeOH dehydration. It shows much higher CO 
conversion and DME selectivity than the conventional powder-based Cu/Al2O3-P 
catalyst. This work provides a new spatially confined model for the direct DME 
synthesis, and may facilitate the future catalyst designs for the other bifunctional 
catalysts. 
 
References 
[1] C. Arcoumanis, C. Bae, R. Crookes, E. Kinoshita, Fuel, 2008, 87, 1014-1030. 
[2] T. Ogawa, N. Inoue, T. Shikada, Y. Ohno, J. Nat. Gas Chem., 2003, 12, 219-227. 
[3] T. A. Semelsberger, R. L. Borup, H. L. Greene, J. Power Sources 2006, 156, 497-
511. 
[4] J. Li, X. Zhang, T. Inui, Appl. Catal. A-Gen., 1996, 147, 23-33. 
[5] F. Trippe, M. Fröhling, F. Schultmann, R. Stahl, E. Henrich, A. Dalai, Fuel Process. 
Technol., 2013, 106, 577-586. 
[6] Z. Azizi, M. Rezaeimanesh, T. Tohidian, M. R. Rahimpour, Chem. Eng. Process., 
2014, 82, 150-172. 
[7] Z. Hajjar, A. Khodadadi, Y. Mortazavi, S. Tayyebi, S. Soltanali, Fuel, 2016, 179, 
79-86. 
[8] W. Zhu, X. Li, H. Kaneko, K. Fujimoto, Natural Gas Conversion VIII: Proceedings 
of the 8th Natural Gas Conversion Symposium, 2007, 355-360. 
[9] S. Asthana, C. Samanta, A. Bhaumik, B. Banerjee,R. K. Voolapalli, B. Saha, J. 
Catal., 2016, 334, 89-101. 
[10] M. Cai, V. Subramanian, V. V. Sushkevich, V. V. Ordomsky, A. Y. Khodakov, 
Appl. Catal. A-Gen., 2015, 502, 370-379. 
[11] J. Sun, G. Yang, Y. Yoneyama, N. Tsubaki, ACS Catal., 2014, 4, 3346-3356. 
Chapter 3 
72 
 
[12] Y. Tan, H. Xie, H. Cui, Y. Han, B. Zhong, Catal. Today, 2005, 104, 25-29. 
[13] X. Tang, J. Fei, Z. Hou, X. Zheng, H. Lou, Energy & Fuels, 2008, 22, 2877-2884. 
[14] K.L. Ng, D. Chadwick, B.A. Toseland, Chem. Eng. Sci., 1999, 54, 3587-3592. 
[15] J. Sun, G. Yang, Q. Ma, I. Ooki, A. Taguchi, T. Abe, Q. Xie, Y. Yoneyama, N. 
Tsubaki, J. Mater. Chem. A, 2014, 2, 8637-8643. 
[16] H. Ham, J. Kim, S. J. Cho, J. H. Choi, D. J. Moon, J. W. Bae, ACS Catal., 2016, 
6, 5629-5640. 
[17] K. Saravanan, H. Ham, N. Tsubaki, J. W. Bae, Appl. Catal. B-Environ., 2017, 217, 
494-522. 
[18] D. Mao, W. Yang, J. Xia, B. Zhang, Q. Song, Q. Chen, J. Catal., 2005, 230, 140-
149. 
[19] F. Song, Y. Tan, H. Xie, Q. Zhang, Y. Han, Fuel Process. Technol., 2014, 126, 88-
94. 
[20] X. Li, X. San, Y. Zhang, T. Ichii, M. Meng, Y. Tan, N. Tsubaki, ChemSusChem, 
2010, 3, 1192-1199. 
[21] H. Jiang, H. Bongard, W. Schmidt, F. Schüth, Micropor. Mesopor. Mat., 2012, 
164, 3-8. 
[22] G. Yang, M. Thongkam, T. Vitidsant, Y. Yoneyama, Y. Tan, N. Tsubaki, Catal. 
Today, 2011, 171, 229-235. 
[23] G. Yang, N. Tsubaki, J. Shamoto, Y. Yoneyama, Y. Zhang, J. Am. Chem. Soc., 
2010, 132, 8129-8136. 
[24] C. Zeng, J. Sun, G. Yang, I. Ooki, K. Hayashi, Y. Yoneyama, A. Taguchi, T. Abe, 
N. Tsubaki, Fuel, 2013, 112, 140-144. 
[25] R. Nie, H. Lei, S. Pan, L. Wang, J. Fei, Z. Hou, Fuel, 2012, 96, 419-425. 
[26] J. Sun, J. Yu, Q. Ma, F. Meng, X. Wei, Y. Sun, N. Tsubaki, Sci. Adv., 2018, 4, 
eaau3275. 
[27] A. Yin, X. Guo, W. Dai, K. Fan, J. Phys. Chem. C, 2009, 113, 11003-11013. 
[28] Y. Wu, E. Garfunkel, T. E. Madey, J. Vac. Sci. Technol. A, 1996, 14, 1662-1667. 
[29] G. Moretti, Catalysts Surf. Interface Anal., 1991, 17, 745-750. 
Chapter 3 
73 
 
[30] X. Li, G. Yang, M. Zhang, X. Gao, H. Xie, Y. Bai, Y. Wu, J. Pan, Y. Tan, 
ChemCatChem, 2019, 11, 1123-1130. 
[31] S. Chen, J. Zhang, P. Wang, X. Wang, F. Song, Y. Bai, M. Zhang, Y. Wu, H. Xie, 
Y. Tan, ChemCatChem, 2019, 11, 1448-1457. 
Chapter 4 
74 
 
Chapter 4 
Summary 
With the increasing depletion of crude oil and global environmental concerns, the 
development and utilization of renewable energy into useful chemicals have received 
considerable attention all over the world. Carbon oxides (CO and CO2) are renewable 
sources of energy, which can be transformed into value-added petroleum products, 
making us less dependent on fossil fuels. Therefore, efficiently employing and 
converting renewable resources to alternative fuels and chemicals is considered as an 
effective route in current science research field. 
The designing of catalysts is one of vital factors to affect the catalytic performance 
and product distribution in catalytic route. In this thesis, we successfully designed and 
synthesized three types of high performance of nano-sized metal catalysts with special 
structure, and various reaction systems were employed to test their catalytic 
performance. The hybrid catalysts comprising of In2O3/ZrO2 metallic oxide and zeolite 
SAPO34 was prepared to directly synthesize light olefins from CO2. The Ni/SiO2 
supported catalyst was synthesized and applied in dry reforming reaction of CH4 and 
CO2; bifunctional capsule catalyst of Al2O3@Cu was fabricated to directly convert 
syngas to DME. 
As mentioned in Chapter 1, hybrid catalysts were composed of In2O3/ZrO2 
metallic oxide and zeolite SAPO34. For In2O3/ZrO2 catalyst, it was synthesized by a 
combination of precipitation of ZrO2 and wetness impregnation of In2O3; zeolite 
SAPO34 was synthesized by hydrothermal reaction. This hybrid catalyst efficiently 
combines In2O3/ZrO2 component and SAPO34 zeolite, giving the oxygen vacancy to 
benefit CO2 activation for hydrogenation into methanol, at the same time SAPO34 
zeolite channel further dehydrates the formed methanol into light olefins.By optimizing 
reaction condition, the light olefins selectivity reaches higher than 60% with only less 
than 5% poisonous CO formation, and it shows superior potential for industrial 
application in the future. 
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As mentioned in Chapter 2, we designed a series of Ni/SiO2 catalysts with different 
Ni particle sizes. The Ni particle size was controlled with altering the pH of the Ni 
nitrate solution via the addition of HNO3 or NH4OH. Characterizations revealed that 
the NH4OH promoted Ni/SiO2 catalyst exhibited smaller Ni particles and stronger 
interaction between Ni and SiO2. Moreover, it produced less carbon deposition on the 
spent catalyst, and even the Ni particles maintained small particle size on the spent 
catalyst. The catalyst realized a high CH4, CO2 and Ctotal conversion (74.5, 83.7 and 
79.7%, respectively). The present study provides a simple but effective way to change 
the metal-support interaction and metal particle size.  
As mentioned in Chapter 3, a novel bifunctional capsule catalyst of Al2O3@10Cu 
is synthesized by a simple surface infiltration method. This Al2O3@10Cu utilizes the 
Cu shell for MeOH synthesis and the core Al2O3 for MeOH dehydration. The 
characterization analyses demonstrate that the capsule Al2O3@10Cu catalyst possesses 
a uniform Cu-Al2O3 shell and a low reduction temperature. The STD performance 
reveals that the Al2O3@10Cu with the uniform shell significantly enhances the MeOH 
dehydration. It shows much higher CO conversion and DME selectivity than the 
conventional powder-based Cu/Al2O3-P catalyst. This work provides a new spatially 
confined model for the direct DME synthesis, and may facilitate the future catalyst 
designs for the other bifunctional catalysts. 
The new findings in this thesis are beneficial to designing and building nano 
catalysts with special structure for highly value-added chemicals synthesis from carbon 
oxides (CO2 and CO). The presented catalysts preparation method in this thesis can be 
also extended to other catalysis processes. 
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